Quantum interference in the rate of two-photon excitation of the 6S 1/2 ! 6P 3/2 ! 6D 5/2 transition in atomic cesium is exploited to demonstrate phase-sensitive frequency demodulation for an optical interval of 612.5 THz. By thus using atoms as ultrafast nonlinear mixing elements, we suggest and analyze a new avenue for absolute comparisons of a dense set of frequencies over the range of 200 -2000 nm.
Quantum interference (QI) of multiple excitation pathways is ubiquitous in atomic, molecular, and optical physics, with applications to the coherent control of products in a chemical reaction, 1 phase-sensitive yields in above-threshold ionization, 2 and the synthesis of atomic wave functions 3 being but three recent examples. In this Letter we present observations of QI for two-photon excitation whereby interfering paths lead to modulation of excited-state population as a function of the relative phase of three excitation beams with widely separated frequencies (corresponding to 852, 884, and 917 nm). By using an atom as an ultrafast nonlinear mixing element, we demonstrate optical demodulation for an interval of 612.5 THz. In an extension of this capability, we suggest a novel metrological technique that should allow for absolute comparisons with dense coverage over the region 200-2000 nm.
We begin by considering two-photon excitation of an atomic ladder of the form 1 ! 2 ! 3 with eigenfrequencies v 12 , v 23 , and v 13 v 12 1 v 23 by three lasers at frequencies v a ഠ v 12 , v b ഠ v 23 , and v c ഠ 1 /2 v 13 (dotted box in Fig. 1 ). QI in this system arises from two possible pathways of excitation, the stepwise dipole absorption of two photons at frequencies ͑v a , v b ͒ and the quadrupole two-photon absorption at v c . Deviations of the excitation frequencies from the triangle equality v a 1 v b 2v c result in a modulation of the excited-state population of the form r 33 ͑t͒ ϳ A͓1 1 V cos͑Dvt 1 f͔͒ at frequency Dv v a 1 v b 2 2v c with visibility V and phase f f a 1 f b 2 2f c , where f i is the phase of laser i ͑i a, b, c͒. In this scheme the atom acts as a nonlinear mixer that compares v a 1 v b with 2v c ; the process corresponds to demodulation of sidebands at frequency offsets Dn jv a 2 v c j͞2p ഠ jv c 2 v b j͞2p with respect to a local oscillator at v c . Note that r 33 ͑t͒ depends on the excitation scheme and is sinusoidal only in the absence of saturation. Explicit expressions for A, V, and f follow from theoretical analyses based on either perturbative or master equation approaches. 4 Independently of these more complex treatments, the origin of QI for two-photon excitation can be understood by consideration of Mollow's classic expression, 5 r 33~͗Ê yÊ yÊÊ ͘, where nowÊ Ê a 1Ê b 1Ê c is the total excitation field andÊ a, b, c are taken to be of the formÊ i Ê i exp͑2iFî͒ with F i v i t 1 f i . Expanding the fourth-order correlation function of the total field under the assumption of a coherent state for the fieldÊ c of eigenvalue E c , and retaining only those terms that correspond to small two-photon detuning for the transition amplitudes, we find that
Note that the first term represents the usual quadrupole twophoton excitation that is proportional to the square of the intensity and the second term corresponds to stepwise dipole absorption at frequencies v a and v b . In the case of nonclassical squeezed fields this second term gives rise to a linear rate of two-photon excitation. 6 The last term is the focus of the present study and results from interference in two-photon excitation as a function of the overall phase
For an initial proof-of-principle experiment, we ex- The field at 884 nm originates from a tunable Ti : sapphire laser externally locked to a reference cavity that is in turn locked to the Doppler-free two-photon transition 1 ! 3 of Cs in an auxiliary vapor cell. The field at 852 nm is provided by a diode laser operated with an external grating and stabilized to the 1 ! 2 transition. 8 Finally, the field at 917 nm is derived by nonlinear mixing of the 852-and 442-nm (double of 884) beams in a parametric amplifier composed of a subthreshold optical parametric oscillator. 6 The experiment is conducted continuously in two alternating stages that are switched at a rate of 4 kHz. In the first stage atoms are maintained in a MOT. 7 In the second stage the trapping beams are mechanically chopped off, and the atoms are illuminated with the three lasers at l a, b, c with powers of approximately 0.5 nW, 0.5 nW, and 5 mW, respectively. We monitor the excited-state population r 33 by observing the f luorescent decay 3 ! 2 at 917 nm, using an avalanche photodiode.
The phase f (and thereby the excited-state population r 33 ) is externally modulated with a sawtooth ramp applied to a moving mirror in the path of the 884-nm laser. During the long linear segment of the ramp, we have f c ! f c ͑t͒ Ӎ v m t (with v m ͞2p ϳ10-20 Hz) and hence jf͑t͒j 2v m t. Note that Dv 0 by virtue of the parametric process used to generate v b from ͑v a , v c ͒, although the same experiment could be carried out with three totally independent lasers. As illustrated in Fig. 2 , a modulation of r 33 at frequency V m 2v m is observed with visibility V Ӎ 0.3, thus demonstrating QI in the two-photon excitation process. We stress that the modulation displayed in Fig. 2 
Because the response of the nonlinear mixer in this particular demonstration is centered around the specif ic frequencies shown in Fig. 1 , its bandwidth is necessarily quite narrow (being intrinsically associated with atomic linewidths), although one can achieve an appreciable response for terahertz detunings for ͑v a , v b ͒ by increasing the incident power to the milliwatt level. However, our scheme of obtaining QI in two-photon excitation is easily generalized to other transitions of the form 1 ! 2 ! 3. Indeed, by expanding our viewpoint to the alkali elements Li, Na, K, Rb, and Cs but constraining consideration to only ladder transitions for which each of the three wavelengths involved is less than 2 mm, 9 we find that there are ϳ6800 possible triangles of the form v 13 v 12 1 v 23 , each of which can be viewed as a different nonlinear mixer for obtaining QI and hence phase-sensitive detection of Dv v a 1 v b 2 2v c for fields of frequencies v a Ӎ v 12 , v b Ӎ v 23 , and v c Ӎ 1 /2 v 13 .
10
Note that each of these triangles is characterized by its central frequency 1 /2 v 13 and sideband separation Dn 1 /2p jv 12 2 1 /2 v 13 j ഠ 1 /2p j 1 /2v 13 2 v 23 j. To illustrate the density of coverage, we display in Fig. 3 Dn versus l c 2pc͞v c for the transitions in the database, with Dn typically 10-100 THz.
The capability for optical demodulation (Fig. 2) , together with the numerous possibilities for nonlinear mixing (Fig. 3) , suggests that QI can be exploited in two-photon excitation for applications in frequency metrology. In particular, to obtain an absolute measurement of a given target frequency in terms of a handful of reference frequencies, one faces the daunting challenge of bridging intervals that are often comparable to the optical frequency itself. Numerous schemes to conquer these large frequency intervals have been investigated, 11 -14 including resonant multiwave mixing in atomic vapors. 15 Within this context, we propose a new method for absolute comparison of an (arbitrary) target frequency v t one or more reference frequencies v r1 , v r2 , . . . , 14 by exploiting atoms as ultrafast nonlinear mixing elements. As for the actual implementation, we would first construct from the set of available frequencies
0 ͖, where one allows for combinations of the form v i 6 v j with ͕v i , v j ͖ # V 0 . This process can be repeated for as many as k stages to generate a final set of frequencies V k , with the number of resulting frequencies growing exponentially in k. For example, with two reference and one target lasers, k 2 stages of nonlinear conversion produces ϳ 150 distinct frequencies. Of course, finally, we need only three of these frequencies to mix with the aid of an atom. To decide which three must be generated, we consider all possible triplets ͑v a 0 , v b 0 v c 0 ͒ from the set V V 0 < V 1 . . . < V k that can be traced back to v t and at least one of the v p i 's and keep only those triplets
compensated by electro-optic modulation ͑Dv 0 # 500 GHz͒. These triplets are then cross referenced to our database of two-photon transitions with a search algorithm that minimizes the sum P of absolute detunings, P jv a 2 v 12 j 1 jv b 2 v 23 j 1 jv c 2 1 /2 v 13 j, and thereby chooses the particular atomic transition for the measurement. Alternative criteria can also by considered.
The complexity of possibilities that arise from this database of transitions 10 and from the set of possible reference wavelengths 14 does not allow for an explicit algorithm to be presented here. However, a computer program has been developed that analyzes the problem as described above and finds optimized measurement strategies for any target wavelength in the range 200-2000 nm for a given set of reference wavelengths. Particular examples of optimized solutions for the measurement of several wavelengths have been found by our program (including the 121.6-nm, Lyman-a transition in atomic hydrogen) and will be discussed elsewhere.
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Another possible application of our scheme is in the establishment of frequency standards in the 1.3-and 1.5-mm bands relevant to optical communications. 17 Toward this end we have constructed measurement strategies for wavelengths between 1300 and 1500 nm in increments of 1 nm. 16 Yet another potential investigation is a test of the internal consistency of existing frequency standards by employing some as targets and others as references and then making direct comparisons with atoms serving as nonlinear mixers.
Turning finally to the issue of the conversion efficiency for our scheme, we introduce an effective nonlinear coeff icient E NL for the conversion of the powers P a, b, c into an equivalent power P f HET for the f luorescence carried at frequency d, where
NL ͒ denoting the independent conversion efficiencies from the incident powers ͑P a , P b , P c ͒ into f luorescent powers from the 3 ! 2 decay, including the collection efficiency e for a finite solid angle. Note that the form for P f HET follows from an interference of three field amplitudes equivalent to the a 3 term in the previous expression for r 33 and that a completely analogous expression can be derived for Hänsch's divide-and-conquer scheme. 12 Although explicit forms for E ab, c NL will be presented elsewhere, 4 we find for the case of our experiment that E ab NL ϳ 4 3 10 6 ͞W and E c NL ϳ 10 28 ͞W, so that the effective nonlinear coeff icient E NL ϳ 0.2͞W (for a trap density of 10 9 ͞cm 3 and e ϳ 0.08), which is apparently quite competitive with more conventional mixing schemes even given our (nonoptimal) setup. On the other hand, note that for our initial experiment the saturation powers are P sat a, b ϳ 0.5 nW and P sat a, b ϳ 10 mW, so P f HET # 1 pW, which, however, could be signif icantly increased with a new trap design.
In conclusion, by exploiting QI based on parallel excitation paths for two-photon transitions, we have observed the beat note arising from a small frequency offset ͑ഠ10 Hz͒ between three fields at wavelengths of 852, 884, and 917 nm, demonstrating in this way demodulation of optical offsets of 612.5 THz. By extending the idea of using atoms as nonlinear mixing elements to more general two-photon transitions, we have proposed a scheme for absolute-frequency comparisons between an arbitrary target frequency and a small set of reference frequencies.
